The renal haemodynamic effects of high doses of fentanyl were examined in 17 unanaesthetized, chronically implanted dogs, in 
High-dose morphine has been advocated for use in patients with compromised cardiovascular status in order to achieve better haemodynamic stability. J Subsequent investigations have indicated that, although generalized haemodynamics may remain stable under such conditions, undesirable changes in regional haemodynamics can occur, z The cardiovascular system seems to be more hyperdynamic during anaesthesia with narcotic drugs than it does during traditional i~alation anaesthesia) Fentanyl has been recommended because it appears to offer even greater haemodynamic stability than morphine. ')-7 This apparent stability might be related to less release of histamine with fentanyl than with morphine. 8 However, one must still he concerned about the stability of regional haemodynamics when high doses of fentanyt are given. Recent data related to myocardial perfusion substantiates this concern. 9 The renal vasculature has received little attention in this regard. One study in dogs anaesthetized with thiopentone, using a PAIl clearance technique, has indicated that high doses of fentanyl do not decrease renal plasma flow. However, urine output and free water clearance were diminished along with an increase in urine osmolarity indicating an ADH mechanism, t~ More recently, in a study in man, it was reported that fentanyl did not change creatinine clearance, urine osmolality, or blood vasopressin concentrations.It The intent of the present study was to examine the effects of highdose fentanyl on renal perfusion in a chronically implanted conscious animal model in which the pharmacological effects of fentanyl would not be influenced by the simultaneous presence of other anaesthetic agents, stress or the surgical procedure. respiratory infections, had minimum haematocrits not iLower than 40 volumes per cent and were double serum negative for dirofilaria of heart worms. Implantation of the animals was dune under endotracheal halothane/nitrous oxide anaesthesia with spolltaneous breathing. With the animals in the supine position, a midline laparotomy was done. A four-or six-millimeter Doppler ultrasonic flow probe (L&M Electronics, Daly City, CA) was positioned around the left main renal artery. A small Tygon catheter was introduced via a lumbar arterial side branch and positioned into the lower abdominal aorta with its tip facing proximally. The instrumentation wires and catheter were then run subcutaneousl!y and exteriorized at an intrascapular site. The animals were then allowed to recover for 10-14 days. During that time, they were positioned on the experiment table three times a week. This enabled them to become accustomed to the experimental surroundings and conditions. Aortic pressure was measured from the previously implanted Tygon catheter with a mercurycalibrated P23ID strain gauge manometer (Statham Instruments Inc., Oxnard, CA). Renal arterial blood flow was measured with a Doppler ultrasonic flow meter (L&M Electronics, Model 1012, Daly Ciq,, CA) using a l~ardwire connection to the unplanted probes. This system has an accurate electronic zero. Prior to implantation, all probes were calibrated with a mechanical perfusion system. Specifically, a probe was placed around a section of dog iliac artery. Then flow through that artery was accomplished with a variable speed roller pump using heparinized dog blood. The flow was precisely quantitated with a graduated cylinder and stopwatch over a range of 50-350 ml/minute and a regression curve was established for each flow prol~. Data were continuously recorded on a Gould-Brush direct writing oscillograph (GouldBrush, Cleveland, OH). Renal vascular resistance was calculated by dividing the mean arterial pressure in millimeters of mercury by the mean renal blood flow in milliliters per minute. Samples for analysis of arterial partial pressure of oxygen (Pat2) and carbon dioxide (PaCt2) were withdrawn from the arterial catheter and analyzed on an Instrumentation Laboratory model 813, pH blood gas analyzer.
The animals were divided into three groups. Group I breathed room air spontaneously. Group II breathed room air spontaneously for an initial set of controls and then breathed 100 per cent oxygen spontaneously through a canine anaesthesia mask connected to a semiclosed circle system. In this group a second set of controls was recorded while the animals were breathing oxygen, before the administration of fentanyl. Group Ill breathed room air for an initial set of controls, then breathed 100 per cent oxygen threugh the canine anaesthesia mask while a second set of controls was taken as did the animals in Group II. Then, one-quarter of the way through the administration of fentanyl, a point at which the animals showed signs of significant sedation, 0.1 mg/kg of dimethyltubocurarine was administered intravenously, This facilitated control of the animal's ventilation for the remainder of the experimental period. Dimethyltubocurarine was chosen because it does not produce significant haemodynamic changes) 2 Controlled manual ventilation (CMV) was accomplished with the canine anaesthesia mask connected to a semiclosed circle system. The lungs were ventilated manually with a bag; ventilation was aided by an in-line Wright respirometer on the expiratory limb to quantitate tidal volumes. At the end of the experiment dimethyltubocurarine was reversed with appropriate doses of neostigmine and atropine and manual ventilation continued until the animals breathed adequately on their own.
In all three groups, 25 ixg.kg -m or 50 i~g.kg -~ nf fentanyl were administered over a ten-minute pcfled. Data were collected for an additional 20 minutes after the end of the infusion for a total recording period of 30 minutes from the start of drug infusion. Changes were measured at 2~, 5, 10~ 15, 20 and 30 minutes in all three groups and were compared statistically with the room air control value of each group by use of Student's paired t-test. Thus each animal served as its own control. The room-air breathing control was used because there were no significant changes in renal haemodynamics on transition from breathing room air to oxygen. Statistically significant changes were indicated by a p value of less than 0.05. Both dosages were administered to each animal in a random sequence on separate days. Intervals of 24 hours were allowed to elapse after an animal had received the lower dose of fentanyl, and 48 hours after receiving the higher dose of fentanyl, before the next experiments were done in that animal. 
Results

Group One [Air with Spontaneous Ventilation, n = 12, (Figure 1)]
With the animal breathing room air spontaneously, both doses of fentanyl caused significant elevation of arterial pressure during the first 5 to 15 minutes of the observation period. During the latter portion of the observation period, arterial pressure returned to values not signifieamly different from controls. With the exception of the .change at ten minutes, there were no significant differences between the low and high doses for arterial pressure in this group. Renal blood flow did not change significantly from the control value during the entire observation period with either dose of fentanyl, 9 although it increased slightly during the last fifteen minutes. Renal vascular resistance was significantly elevated at five and ten minutes with both dosages of fentanyl, but only at the five minute point was the difference between the two dosages significant.
Group Two [Oxygen with Spontaneous Ventilation, n = 5, (Figure 2)]
There were no significant changes in arterial pressure, renal blood flow or renal vascular resistance in the transition from breathing room air to breathing 100 per cent oxygen during the control periods. Both dosages of fentanyl slightly decreased arterial pressure at 2 89 minutes. Thereafter, arterial'pressure increased significantly for most of the remainder of the observation period. There were no significant differences between the two dosages for this variable. Renal blood flow showed no statistically significant changes from the control levels with the exception of the five-minute value in the high dose group, when it was significantly decreased by 16 per cent. As in the room-airbreathing animals, renal blood flow increased late in the observation period, but not to a significant degree. There were also no statistically significant differences between the two dosages for this variable. Renal vascular resistance was significantly elevated from 5 to 15 minutes. During tb.e latter part of the observation period it returned to levels not significantly different from control values. There were no differences between dosages for this variable as well.
Group Three [Oxygen with Controlled Manual Ventilation, n = 5, (Figure 3)]
Again there were no significant differences in blood pressure, renal blood flow or renal vascular resistance in the transition from breathing room air to breathing oxygen during the control period. During the oxygen breathing portion the tidal volume and respiratory rate were measured with the in-line Wright respirometer. Early in this study, at the time of starting controlled manual ventilation, we attempted to reproduce that amount of ventila-tion that had been observed during spontaneous breathing with oxygen before drug administration. Despite this, we found that the PaCe2 increased after fentanyI had been given. To maintain normoearbia during fentanyl, it was necessary to ventilate the animals 30--40 per cent more than they had breathed during spontaneous ventilation. At 23 minutes, arterial pressure was significantly decreased in the low-dose group. Thereafter, arterial pressure increased significantly in this group at 10 and 15 minutes. In the high-dose group arterial pressure was significantly elevated for most of the observation period. These elevations were significantly greater than those in the low-dose group at 10, 15 and 20 minutes. Renal blood flow was not significantly changed from its control value in the low-dose group, but in the high-dose group renal blood flow was significantly increased from control at 15, 20 and 30 minutes. However, these changes were not statistically different between the two dosage groups. Renal vascular resistance was significantly decreased with both dosages at 2 89 minutes. Thereafter it increased significantly at five and ten minutes in the high-dose group and at ten minutes in the low-dose group. Later, renal vascular resistance returned to values not significantly different from the baseline. There were no significant differences between dosages for renal vascular resistanew.
"['he data related to blood gases are contained in Table I . In Group I breathing room air, the PaCe2 was significantly increased with both dosages of fenlanyl. There was a significantly greater degree of elevation of PaCe2 in the high-dose group at 5, 10, and 15 minutes. The PaO2 decreased significantly with both dosages while breathing RA and to a significantly greater degree in the high-dose group at 10 and 15 minutes. In Group II breathing oxygen, PaCe2 increased significantly in both dosage groups and there was a statistically greater difference between dosages at ten minutes. With both changes however, the PaCOz elevation was significantly greater than the comparable dose in the room air group. As anticipated, PaO2 increased while breathing oxygen and remained elevated during fentanyl administration. In Group IIl, which breathed oxygen and had a normal Pace2 mainrained by controlled manual ventilation, PaCe2 did not change in the transition from breathing RA to breathing oxygen during the control period. Two sets ef conr were taken before fentanyl -one while breathing room air and one while breathing oxygen. The insets refer to the mean actual conh'ol values + SEM for that variable while breathing rOOm air. Time is plotted on the absscissa in minutes. The infusion took place during the first ten minutes and variables were measured for an additional 20 minutes. Open circles refer to the lower dose of fentanyl, closed circles refer to the higher dose c~f fenranyl. Asterisks indicate statistically significant changes (p < 0.05) within groups from that group's actual room nix control values.
The PaCe2, with the exception of the 2 89 value in the high-dose group, did not change significantly during fentanyl. The PaCe2 was significantly less than it was in the animals spontaneously breathing room air or oxygen. The PaO2 in this group was not significantly different from the PaO2 in group U breathing oxygen spontaneously.
Discussion
The results of this study demonstrated that when 25 i~g.kg -t to 50 I~g'kg -t of fentanyl were admin- .ontrols were taken before fantanyl and CM'V one while the animal was breathing room air spontaneously and one while breathing oxygen spontaneously. The insets refer to the mean actual control values + $EM for that variable while breathing room air. Time is plotted on the abscissa in minutes. The infusion took place during the first ten minutes and variables were measured for an additional 20 minutes. Open circles refer to the lower dose of fentanyl, closed cixcles refer to the higher dose of fentanyL Asterisks indicate statistically significant changes (p < 0.05) within groups from that group's actual room air cootrol values. Double crosses indicate statistically significant differences at any one time point between the low-and high-dose animals.
istered to conscious, normovolaemic dogs, renal blood flow was preserved. This occurred in spite of changes in arterial pressure. If autoregulation is defined as a stable flow over a range of perfusion pressures then autoregulatory ability remained CANADIAN ANAESTHETISTS" SOCIETY JOURNAL imact in the renal vascular bed with these doses of fentanyl. The mechanism of these changes was not examined in this study. It would appear there is a biphasic renal vascular response to fentanyl. In an isolated peffused dog hind limb preparation, it has been shown that, initially, intra-arterial doses of fentanyl produced a vascular smooth muscle relaxation followed by a constrictor-type effect. 1~ In the present study, initially arterial pressure and renal vascular resistance decreased slightly, to be followed by an elevation of both. These early dilation effects were probably related to a direct relaxant action of fentanyl on renal resistance vessels. This was followed by eonslriction not only in the renal bed itself, but also systemically. This latter effect was most likely due to a centrally mediated catecholamine release. Several human studies have examined catecholamine levels after fentanyt. The results are conflicting and range from no change, 14 to a decrease,: 1.15 to a large increase 16 in catecholamines. The reason for these discrepancies is not clear. There are technical difficulties related to the measurement of catecholamines. Differences in technique may be the explanation. These were all human data and there are no comparable studies in dogs related to catecbolamine levels and fentanyl. Likewise, there is a scarcity of data describing the generalized cardiovascular effects of fentanyl in conscious animals. Studies in dogs previously anesthetized with thiopentone or pentobarbitone showed that high-dose fentanyl depressed cardiac output. This should have resulted in reflex increases in peripheral resistance to maintain blood pressure. In actuality, peripheral resistance remained unchanged and blood pressure decreased. 4"10"17 Such a response was not seen in our conscious animals as blood pressure always increased alter fentanyl. This was probably due to an increase in total peripheral resistance which is not seen in the animal whose brain stem has been depressed by preceding administration of barbiturates. Morphine, like fentanyl, is a central nervous system sedative, yet it has been shown to release catecholamines from both the adrenal medulla, ~s as well as from peripheral nerves, t9 Our hypothesis is that fentanyl has a similar action that becomes masked when other anesthetic drugs are present. In fact under such conditions, it may even appear to be sympathoinhibitory. 2~ In conscious animals, the adrener- gic stimulation from fentanyl is allowed to become manifest and vascular resistance increases as noted here specifically in the kidney, as we did not measure cardiac output. In addition to direct vasoconstrictor effects of catecholamines, it is possible that they are also acting indkectly by releasing renin, with a subsequent elevation of angiotensin-U. This too could contribute to the changes in renal vascular resistance noted here. Patients who received 100 v,g'kg -1 of fentanyl did not show a statistically significant change in their renin levels; however, the mean values presented did increase 35 per cent. ~' No attempt was made here to assess renal function as this requires placement of a bladder catheter for urine samples. This was considered undesirable in our conscious unrestrained animal model. One other study has examined renal function in dogs anaesthetized with thiopentone, then given 100-1000 i~g.kg -~ of fentanyl. Decreases in urine volume and free-water clearance and increases in urine osmolality were noted leading to postulation of an ADH mechanism. 10 A more recent study was not able to demonstrate increases in ADH in humans given 100 v,g'kg -1 of fentanyl. ~ The results of the earlier study may have been influenced by the presence of barbiturates which can cause ADH release. 22 These reports again illustrate the difference in pharmacologic resutts between anaesthetized and conscious subjects.
In those cases in which fentanyl is usually employed, there is often concern for the maintenance of renal pelfusion yet few investigations have been done along these lines in anknals or in humans. One other study of renal blood flow with fentanyl has been done in dogs, but the animals had received thiopentone. A PAH clearance-renal plasma-flow technique was used toindex renal blood flow. These authors did not see a statistically significant change in RPF after fentany], to However, a closer look at their data reveals that blood pressure decreased, RPF increased 11-25 per cent and calculated renal vascular resistance decreased 20-33 per cent. These changes are opposite to those seen here. Thiopentone could certainly account for the differences as it decreases renal vascular resistance. 23 Another possibility could he a drug interaction phenomenon.
In the present study, the results observed are most likely due to fentanyl itself, rather than to secondary changes in the ventilation or oxygenation. When the decreases in PaD2 were prevented by administration of oxygen (Group II), the renal haemodynamic events in response to fentanyl were the same as those seen in animals breathing room air (Group I). Hypoxaemia, then, was not the cause oftbe results. When oxygenation was maintained and increases in PaCO2 prevented with conuolled manual ventilation (Group III), the results were the same except for some small quantitative differences. The fact that arterial pressure was greater in Group III might be related to the fact that more fentanyl gets into the brain with normocm'bia than when with hypercarbia. 24 This lack of effect of arterial blood gas changes on renal haemodynamics has been observed in previous studies. 2s In contrast to the brain and heart, the kidney is not an organ whose blood flow is regulated by metabolic mechanisms. In actual fact, it has luxury perfusion with the usual arterial-venous oxygen difference being two to three volumes per cent.
The arterial blood gas data obtained are interesting and perhaps warrant separate investigation. During the first ten minutes, the per cent decrease in Pa02 exceeded the per cent increase in PaCO2, thus the hypoxaemia was not totally due to hypoventilation. Other explanations for this hypoxaemia include shunt and V/Q mismatch phenomena in the lung as well as cardiac output depressionfl 6 Additionally, in order to maintain normoearbia, it was necessary to ventilate the animals on controlled manual ventilation at minute volume 30-40 per cent greater than when the animals breathed by themselves. This might have been due to a bronchodilatory action of fentanyl itself or the released catecholamines both of which would increase physiologic deadspaee. Another possibility could be increased COx production associated with increased tissue metabolism due to catecholamine release.
One disadvantage of a direct-measuring flow technique, such as the one used here, is that it does not give information about changes in intra-organ blood flow distribution as can be seen for instance with radioactive microspheres. The main goal of this study was to investigate the effects of fentanyl in a completely normal animal whose homeostasis had not been violated by other superimposed anaesthetics or surgical procedures. The flow-probe technique is the most practical and physiologic for use in chronic animals. Pentobarbital results in deterioration of cardiac output and elevation of peripheral resistance with both spotaneous 27 and controlled 2s ventilation. Heart rate is grossly abnormal due to both a vagolytic and baroreceptor mechanism. ~ In addition, pentobarbital and other anaesthetics, commonly used in animal studies, markedly depress peripheral chemoreceptor reflexors. 29 All of those can have a significant impact on peripheral perfusion and thus influence pharmacologic studies of this nature.
I~ summary, this study has shown that high doses of fimtanyl produce renal vasoconstriction. Renal blood flow is maintained probably through an autoregulatory mechanism. These changes do not appear to be dose-related and are independent of charlges in ventilation and oxygenation. They can be contrasted with morphine and meperidine, both of which dilate the renal bed under similar experimental conditions and seem to do so in a doserelated mannerY '~~ It is hypothesized that these changes are due to a centrally or a peripherally mediated increase in adrencrgic activity. The precise mechanisms remain to be elucidated by future investigations.
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